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ABSTRACT
We use data from 1222 late-type star-forming galaxies in the SDSS IV MaNGA survey to identify
regions in which the gas-phase metallicity is anomalously-low compared to expectations from the tight
empirical relation between metallicity and stellar surface mass-density at a given stellar mass. We find
anomalously low metallicity (ALM) gas in 10% of the star-forming spaxels, and in 25% of the galaxies
in the sample. The incidence rate of ALM gas increases strongly with both global and local measures
of the specific star-formation rate, and is higher in lower mass galaxies and in the outer regions of
galaxies. The incidence rate is also significantly higher in morphologically disturbed galaxies. We
estimate that the lifetimes of the ALM regions are a few hundred Myr. We argue that the ALM gas
has been delivered to its present location by a combination of interactions, mergers, and accretion
from the halo, and that this infusion of gas stimulates star-formation. Given the estimated lifetime
and duty cycle of such events, we estimate that the time-averaged accretion rate of ALM gas is similar
to the star-formation rate in late type galaxies over the mass-range M∗ ∼ 109 to 1010 M.
Keywords: galaxies: abundances – galaxies: evolution – galaxies: statistics – surveys – techniques:
imaging spectroscopy
1. INTRODUCTION
Gas accretion has long been known to play a cru-
cial role in galaxy formation and evolution (Rees & Os-
triker 1977; White & Rees 1978). Indeed, the growth
in the stellar masses of galaxies over cosmic time oc-
curs mainly through the accretion of gas from the en-
vironment, rather than through galaxy mergers (Dekel
et al. 2009; Papovich et al. 2011; Behroozi et al. 2013;
Rodriguez-Gomez et al. 2016). Moreover, if there were
no gas replenishment from the outside, the observed rate
of star formation is so high that most star-forming galax-
ies in the present-day Universe would soon run out of
gas and cease to form stars (Kennicutt & Evans 2012).
Our own Milky Way is a good example. It currently
has a star formation rate of about 2 M yr−1 (Robitaille
& Whitney 2010; Chomiuk & Povich 2011; Licquia &
Newman 2015) with a roughly constant star formation
history over the past 8 Gyr (Snaith et al. 2014). This
star formation rate (SFR) would consume all the avail-
able gas within a few Gyr if there were no gas inflow. As
the star formation activity in galaxies is strongly related
to their gas content (Kennicutt, Jr. 1998), gas accretion
is therefore at the center of our understanding of galaxy
growth and quenching.
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However, direct observation of accreting gas is chal-
lenging, and it is even more difficult to directly de-
termine the accretion rates. The immediate source of
such gas in star-forming galaxies is the Circum-Galactic
Medium (CGM) or the Inter-Galactic Medium (IGM;
Sa´nchez Almeida et al. 2014), which consists of ion-
ized gas and neutral hydrogen. For our Galaxy, the
accretion rate is dominated by the Magellanic stream
(4 M yr−1) with only 0.4 M yr−1 from the other high-
velocity clouds (Putman et al. 2012). Such estimates
are very hard to derive for extragalactic samples. Also,
the accreted gas does not necessarily become the fuel for
star formation because gas clouds may get heated up by
shocks when they fall onto the disks, preventing them
from cooling and forming stars.
The chemical abundances (metallicities) in the inter-
stellar medium can serve as an indirect tool to study the
gas circulation between a galaxy and its surroundings.
Inflows from the CGM, IGM, or satellite galaxies can
provide low-metallicity gas for galaxies. After the gas
is processed by nucleosynthesis in stars, metals are re-
leased to the Interstellar Medium (ISM) via stellar winds
and supernovae. If the star formation activity is strong
enough, it is able to launch a galactic outflow (Heck-
man et al. 1990, 2002). The outflow takes metals away
from galaxies to enrich the CGM. This process and its
consequences can be studied using absorption line spec-
troscopy of the CGM using background quasars (Chen
et al. 2010; Rubin et al. 2014; Lehner et al. 2013; Lan
& Fukugita 2017; Heckman et al. 2017). The ejected
metals may re-accrete onto the disks on a dynamical
timescale (Oppenheimer et al. 2010). Consequently, the
metallicity in the ISM is produced by the interplay be-
tween star formation, inflow, and outflow.
Over the past decade, we have learned a great deal
about the systematic relationships between ISM metal-
licity and galaxy properties. Single-fiber spectroscopic
surveys have shown that central oxygen metallicity in-
creases with galaxy stellar mass: the so-called global
M-Z relation (Lequeux et al. 1979; Garnett & Shields
1987; Vila-Costas & Edmunds 1992; Tremonti et al.
2004). The relation can be explained in part by mass-
dependent metal loss because of the shallower poten-
tial wells in low-mass galaxies, and/or by the inflow of
metal-poor gas. The global M-Z relation may have an
additional dependence on global SFR such that galaxies
with higher SFRs have lower metallicity at a fixed stellar
mass M∗ (Ellison et al. 2008). The form of the relation
between galaxy stellar mass, metallicity, and SFR may
be independent of redshift, and therefore it is called the
fundamental metallicity relation (Mannucci et al. 2010;
Lara-Lopez et al. 2010). It has been debated whether or
not this additional dependence on SFR is due to obser-
vational systematics like single-aperture bias (Sa´nchez
et al. 2013, 2017; Barrera-Ballesteros et al. 2017), the
nature of the metallicity calibrators used (Kashino et al.
2016), and whether or not its form is really independent
of redshift (Steidel et al. 2014). Also, rather than SFR,
the global M-Z relation may have a stronger dependence
on other properties like gas fraction (Hughes et al. 2013;
Bothwell et al. 2013) and stellar age (Lian et al. 2015).
Single-aperture spectroscopy limits the metallicity
study to the galactic centers, while metallicity is known
to have significant spatial variation. Long-slit spec-
troscopy and IFU observations have shown the radial
dependence of gas-phase metallicity in late-type galax-
ies with metallicity decreasing outwards, i.e. negative
metallicity gradient (Searle 1971; Vila-Costas & Ed-
munds 1992; Zaritsky et al. 1994; Moran et al. 2012;
Sa´nchez et al. 2012, 2014; Belfiore et al. 2017; Poetrod-
jojo et al. 2018). Furthermore, the azimuthal variations
imprinted on the radial gradients suggest that the local
chemical evolution may be influenced by local enrich-
ment and dilution caused by spiral density waves (Ho
et al. 2017).
Indeed, evidence is now growing that the global re-
lations between mass, metallicity, and arguably SFR
may emerge from relations at local scales. On ∼ kpc
scales, local metallicity tightly correlates with local stel-
lar surface mass density (Σ∗-Z relation, Moran et al.
2012; Rosales-Ortega et al. 2012). This local relation
can reproduce both the global M-Z relation and radial
metallicity gradients (Barrera-Ballesteros et al. 2016).
The local metallicity also correlates with both the lo-
cal gas-mass fraction and local escape velocity (Barrera-
Ballesteros et al. 2018), as expected in simple models
for chemical evolution that incorporate accretion and
outflows. Metallicity inhomogeneities associated with
enhanced SF activity have been observed in some galax-
ies. Extremely metal poor galaxies tend to have a
large lopsided star-forming region of low metallicity (e.g.
Sa´nchez Almeida et al. 2013, 2015). There also seems to
be tendency for the star-forming regions of larger SFR
to have lower metallicity (Cresci et al. 2010; Richards
et al. 2014; Sa´nchez Almeida et al. 2018). These metal-
licity drops are usually attributed to recent gas accretion
events triggering star formation.
While the existence of these excellent empirical cor-
relations between local galaxy properties and the local
ISM metallicity provide important insights into galaxy
evolution, in this paper we will take a very different
approach. In particular, we use these empirical corre-
lations to identify anomalous regions whose metallicity
is significantly lower than expected. We will then com-
pare the global properties of the galaxies that contain
such regions to those that do not. We will also compare
the local properties of the regions with anomalously low
metallicity to regions with normal metallicity. Based
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on this analysis, we will argue that these regions likely
trace the sites of the recent accretion of gas that has
stimulated on-going star-formation. By constraining the
lifetimes of the low-metallicity regions, we will try to es-
timate the frequency of such accretion events and the
implied accretion rates, and thereby assess their impli-
cations for galaxy evolution.
The paper is structured as follows. In Sec. 2 we will
describe the observational dataset, our sample selection,
and our measurements of metallicity and other local and
global properties. In Sec. 3 we will present our results
linking the low-metallicity regions with both global and
local galaxy properties. In Sec. 4 we will discuss the
possible sources for the low-metallicity gas and quan-
tify the properties of the accretion. We summarize our
conclusions in Sec. 5. Throughout, we use an h = 0.7,
Ωm = 0.3, ΩΛ = 0.7 cosmology. We use lower-case ‘z’
for redshifts, and capital ‘Z’ for metallicity.
2. OBSERVATIONS AND DATA REDUCTION
2.1. MaNGA overview
Mapping Nearby Galaxies at Apache Point Observa-
tory (MaNGA; Bundy et al. 2015) observes galaxies in
the local Universe (z . 0.15) using integral field units
(IFUs) as part of Sloan Digital Sky Survey (SDSS)-IV
(Blanton et al. 2017). MaNGA provides wavelength cov-
erage from 3600 to 10,300 A˚ with a spectral resolution
of R ∼ 2000 (Smee et al. 2013) and a reconstructed
PSF of ∼ 2.5 arcsec in FWHM (Law et al. 2016). The
MaNGA IFUs consist of bundles of 19, 37, 61, 91, and
127 fibers, providing effective coverage over radii from
5.45 to 14.54 arcsec (Drory et al. 2015; Yan et al. 2016a).
Started in 2014, the MaNGA survey will observe ∼
10,400 galaxies in 6 years using the Sloan 2.5 m telescope
(Gunn et al. 2006). For more details about MaNGA ob-
serving strategy and spectrophotometry calibration, we
refer to Law et al. (2015) and Yan et al. (2016b).
The MaNGA galaxy sample constitutes the Primary
sample, Secondary sample, Color-Enhanced sample, and
objects for ancillary programs. As shown in Fig. 1, the
Primary and Secondary samples are targeted to have
IFU areal coverage out to ∼ 1.5 and ∼ 2.5Re respec-
tively with roughly uniform stellar mass distribution
(Wake et al. 2017). The Color-Enhanced sample is de-
signed to select galaxies with IFU coverage similar to the
Primary sample (∼ 1.5Re), but which are underrepre-
sented because of their colors (especially high-mass blue
galaxies, low-mass red galaxies, and green-valley galax-
ies). As the Primary and Color-Enhanced samples have
the same targeted IFU coverage of 1.5Re, their combi-
nation is referred to as the Primary+ sample. To cover
all galaxies out to similar effective radii, massive (large)
galaxies are observed at higher redshifts than are low-
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Figure 1. The distributions of redshift and spatial cover-
age with respect to stellar mass. Blue triangles and red
circles represent Primary+ and Secondary late-type galax-
ies respectively. The small grey dots are early-type galaxies.
The Primary+ sample is covered by MaNGA over regions
interior to ∼ 1.5Re while the secondary sample extends to
∼ 2.5Re.
mass (small) galaxies (Fig. 1).
In this study, the galaxy sample comes from the
MaNGA Product Launches 6 (MPL-6), an internal col-
laboration release comprising 4682 galaxies. The raw
observed data are calibrated and sky-subtracted by
the Data Reduction Pipeline v2.3.1 (Law et al. 2016),
providing processed data cubes with spaxel sizes of
0.5 arcsec. We use the measurements of emission lines
(Gaussian fluxes and equivalent widths) and relevant
stellar continuum indices (Dn4000) from the MPL-6
Data Analysis Pipeline v2.1.3 (Westfall et al. in prepa-
ration). Galaxy global properties such as redshift, total
stellar mass, axis ratio from elliptical Petrosian fitting
(b/a), broad-band photometry (NUV and r in this pa-
per), and effective radius are drawn from the NASA-
Sloan catalog v1 0 1 (Blanton et al. 2011).
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2.2. Sample selection
Our goal is to identify and investigate regions of
anomalously low gas-phase metallicities. These metal-
licities are measured using emission-lines arising in gas
photo-ionized by massive stars. We therefore focus
on late-type star-forming galaxies (in which the gas
phase-metallicities can be measured over much of the
galaxy). The SDSS pipeline fits galaxies with a de
Vaucouleurs profile and an exponential profile, and
provides the quantity fracdeV which is the fraction
of fluxes contributed from the de Vaucouleurs profile.
Therefore, pure de Vaucouleurs early-type galaxies have
fracdeV= 1, and pure exponential late-type galaxies
have fracdeV= 0. We follow Zheng et al. (2015) and
select late-type galaxies as those having fracdeV< 0.7
in r-band, where fracdeV= 0.7 roughly corresponds to
Sa spiral galaxies (Masters et al. 2010). In the rest of the
paper, late-type galaxies are referred to galaxies selected
using fracdeV< 0.7. High galaxy inclination makes
deprojected quantities more uncertain, so we exclude
galaxies having b/a < 0.3 from our sample, correspond-
ing to an inclination of 72.5 deg. In case that some b/a
ratios are not reliable due to foreground stars or other
image artifacts, we also use the MaNGA MPL-7 catalog
of highly inclined galaxies, which are visually identified
by P. Nair following the procedure described in Nair &
Abraham (2010). For the full highly inclined sample in
this catalog, the median b/a is 0.3 and the mean is 0.31
with a standard deviation of 0.12. The distributions of
redshift and spatial coverage for the resulting late-type
galaxy sample are shown in Fig. 1.
Emission-lines can be produced by different ioniza-
tion sources, like short-lived massive stars born from
recent star formation, active galactic nuclei (AGN), and
evolved stars. To distinguish between these ionization
sources, spaxels are classified based on their line ratios of
[N II]/Hα and [O III]/Hβ, the so-called Baldwin, Phillips
& Terlevich (BPT; Baldwin et al. 1981) diagram. Specif-
ically, based on the location in the BPT diagram, spax-
els are classified as either AGN/LINER (above Kew-
ley et al. 2001 demarcation line), pure star-forming (be-
low Kauffmann et al. 2003b line), or composite spaxels
(between the aforementioned two lines) where multiple
ionization sources are present. Only pure star-forming
spaxels enter our sample because the metallicity calibra-
tors we use do not apply to other ionization sources. We
will describe this in detail in Section 2.6.1. We apply a
S/N ratio cut of 10 on the each of the emission lines used
for the BPT diagram and metallicity calibrators, includ-
ing Hα, Hβ, [O III]λ5007, [O II]λ3926, 9, and [N II]λ6584.
As detailed in Sec. 2.6.2, because we use the local stellar
surface mass density to estimate expected metallicities,
we only consider spaxels with deprojected stellar surface
mass density > 107 M kpc−2.
We will refer to those late-type galaxies having star-
forming regions as star forming galaxies. Motivated by
the size of the PSF, we require that star-forming galaxies
have at least 20 pure star-forming spaxels because the
angular area of a typical MaNGA PSF (∼ 2.5 arcsec, or
∼ 1.5 kpc at z = 0.03) is ∼ 19.6 spaxels. With these
selection criteria, out of a total of 4784 MaNGA galax-
ies, there are 1685 late-type galaxies with stellar masses
M∗ > 109 M, and our final star-forming galaxy sample
constitutes 1222 sources with 526613 star-forming spax-
els. As detailed later in Sec. 2.6.2, we identify anoma-
lously low-metallicity regions in 307 of these 1222 star-
forming galaxies.
2.3. Galaxy physical quantities
The local stellar surface mass density is measured by
the PIPE3D pipeline v2.3.1 (Sa´nchez et al. 2016a,b). In
short, spaxels are spatially binned so that the continua
reach a target S/N ratio of 50. PIPE3D performs two
analysis iterations to derive the underlying stellar prop-
erties like surface mass density. In the first one, PIPE3D
uses a MUISCAT simple stellar population (SSP) li-
brary (Vazdekis et al. 2012) with a limited number of
templates (covering 4 ages and 3 metallicities), and it
is used just to analyze the kinematic properties of the
stellar populations, the dust attenuation, and to remove
the contamination by the emission lines. After remov-
ing the contamination from the emission lines, PIPE3D
performs a second more detailed modeling of the stellar
population, adopting the GSD156 SSP library (Cid Fer-
nandes et al. 2013) that comprises 156 templates cov-
ering 39 stellar ages (from 1Myr to 14.1Gyr), and 4
metallicities (Z/Z=0.2, 0.4, 1, and 1.5). These tem-
plates have been extensively used within the CALIFA
collaboration (e.g. Pe´rez et al. 2013; Gonza´lez Delgado
et al. 2014), and for other surveys (e.g. Ibarra-Medel
et al. 2016; Sa´nchez-Menguiano et al. 2017). Its current
implementation for the MaNGA dataset is described in
Sa´nchez et al. (2018).
The projected surface mass density is further derived
assuming the Salpeter (Salpeter 1955) initial mass func-
tion (IMF). Following Barrera-Ballesteros et al. (2016),
we deproject the observed surface mass densities using
b/a ratios to take inclination into account :
Σ∗ = Σ∗,obs × (b/a), (1)
where Σ∗,obs is the observed, projected surface mass den-
sity derived by PIPE3D and Σ∗ is the deprojected sur-
face mass density. The SFR per unit area (ΣSFR) is also
deprojected in the same way. In the text hereafter, stel-
lar surface Σ∗ and ΣSFR always refer to the deprojected
quantities.
SFRs are measured from extinction-corrected Hα lu-
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minosity. Emission lines, including Hα and those used
for metallicity calibrators, are corrected for dust extinc-
tion using the Balmer decrement, assuming the star-
forming extinction law of Calzetti et al. (2000) with
RV = 4.05. For the Balmer decrement, we assume a
theoretical flux ratio of Hα/Hβ= 2.86 (Osterbrock &
Ferland 2006). For spaxels with Hα/Hβ < 2.86, we do
not correct for extinction. After extinction correction,
star formation rates (SFRs) are computed from Hα lu-
minosity (Kennicutt, Jr. 1998). Using the Cardelli et al.
(1989) extinction law with RV = 3.1 only results in
3% difference in Hα luminosity (Catala´n-Torrecilla et al.
2015).
In this paper, both SFRs and surface mass densi-
ties are derived using the Salpeter IMF. Compared to
a Chabrier IMF (Chabrier 2003), the Salpeter IMF pro-
duces SFRs that are higher by 0.2 dex and stellar masses
that are higher by 0.22 dex (Belfiore et al. 2018). The
specific star formation rate (sSFR) is the ratio between
SFR and stellar mass, and so the difference between us-
ing either the Salpeter or Chabrier IMF to derive sSFR
is negligible.
2.4. Galaxy morphology indicators
Several quantitative morphology indicators have been
developed for galaxies. To search for ongoing interac-
tions, the asymmetry index (A, Schade et al. 1995; Abra-
ham et al. 1996; Bershady et al. 2000; Conselice et al.
2000) is designed to look for disturbed morphology. For
a similar purpose, the Gini coefficient together with the
second-moment of a galaxy’s brightest regions (M20) is
used to search for mergers, especially for high-redshift
sample (Lotz et al. 2004). The shape asymmetry index
(Pawlik et al. 2016) and outer asymmetry index (Wen
et al. 2014) are revisions of the asymmetry index which
are more sensitive to low-surface-brightness structures.
The clumpiness index (Conselice 2003) is used to look
for clumpy structures like compact star-forming clus-
ters (Isserstedt & Schindler 1986; Takamiya 1999). The
prominence of bulges (e.g. bulge-to-disk ratios) can be
inferred by either the model-dependent Sersic index, or
the non-parametric concentration index (C, Abraham
et al. 1994, 1996; Bershady et al. 2000).
In this paper, we use the model-independent mor-
phology indicators of concentration (C) and asymme-
try (A). They are measured on the i-band images from
Panoramic Survey Telescope and Rapid Response Sys-
tem (PanSTARRS) Data Release 1 (Chambers et al.
2016; Flewelling et al. 2016). With a mean point source
5σ depth of 23.1 (AB mag) in stacked images and a me-
dian PSF of 1.11 arcsec in i-band, PanSTARRS provides
deeper images and higher angular resolution than SDSS,
resulting in more reliable morphology measurements.
The asymmetry index A is measured by comparing
the original image with one rotated by 180 ◦:
A =
∑
i,j |I(i, j)− I180(i, j)|∑
i,j |I(i, j)|
−Abgr, (2)
where I is the original image and I180 is the one rotated
by 180 ◦ about the galaxy’s center, which is chosen to
minimize A. Abgr is the asymmetry measured in the
32×32-pixel background where no structure is detected.
The asymmetry index is computed over all pixels of a
galaxy within 1.5Rp, where Rp is the circular Petrosian
radius (Petrosian 1976). For a completely symmetric
case, A = 0, or it could be slightly negative due to the
subtraction of positive Abgr. Typically, galaxies with
A & 0.2 are considered morphologically disturbed.
The concentration index is derived using the radii that
enclose 80 (R80) and 20 (R20) per cent of the galaxy’s
total flux. Specifically,
C = 5 log
(
R80
R20
)
. (3)
We use the definition of the total flux as the flux en-
closed in 1.5Rp from the galaxy’s center. Higher con-
centration index means the light is more centrally con-
centrated. This correlates with the bulge-to-total-light
ratios in late-type galaxies (Conselice 2003).
The morphology measurements were performed with
the statmorph v0.2.0 code (Rodriguez-Gomez et al.
2018) 1. When the morphology measurements are used,
we only include galaxies where S/N per pixel > 4 in
the i-band image. We also have removed galaxies with
flag==0, which indicates that there was a problem with
the basic measurements, for example the presence of
foreground stars and image artifacts.
2.5. Classification of interaction stages
The asymmetry index is mainly sensitive to the dis-
turbed morphology at the first passage and the final co-
alescence during the interaction (Lotz et al. 2008). How-
ever, galaxies in interaction spend most of the time in
close pairs without strong morphological disturbance,
while inflows may have played a role in shaping the
metallicity distribution since this stage (Ellison et al.
2008). Therefore, taking different interaction stages
into account is crucial to understanding how interac-
tions drive the inflows.
We classify galaxies into three interaction categories:
mergers, close pairs, and isolated galaxies. Mergers here
refer to those interacting systems at the final coalescence
stage. In the literature, mergers are often identified us-
ing morphology indicators, such as CAS (concentration,
asymmetry, clumpiness; Conselice 2003), and Gini – M20
1 https://github.com/vrodgom/statmorph
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coefficients (Lotz et al. 2004). To avoid irregular galax-
ies and to be more sensitive to low-surface-brightness
signature, we adopt the classification of interaction via
visual inspection.
The visual classification of interaction stages is per-
formed by Pan et al. (in prep.) for interacting galaxies
selected from the MaNGA MPL6 sample. They selected
the interacting candidates by meeting one of two crite-
ria: (1) spectroscopic close pairs with a projected sepa-
ration of 50 kpc (h = 70) and line-of-sight velocity differ-
ence of< 500 km s−1 (Lin et al. 2004; Keenan et al. 2014)
selected from the NASA-Sloan Atlas (NSA) 2 matched
to the MaNGA MPL6 sample; (2) the fm > 0.4, where
fm is the ‘weighted-merger-vote fraction’ based on the
citizen classifications in the Galaxy Zoo project (Darg
et al. 2010; Lintott et al. 2011); (3) galaxies having a
companion within the same MaNGA bundle. This se-
lection results in ∼ 1300 interacting candidates, which
are further visually classified into 5 classes:
• Class 0: Non-interacting galaxies or a potential
paired galaxy without a spec-z confirmation for
its companion.
• Class 1: well-separated pairs not showing any mor-
phology distortion, including very close pairs with-
out distortions (i.e., just before the 1st passage).
• Class 2: well-separated pairs showing strong signs
of interaction, such as tails, bridges, etc. (after the
1st passage).
• Class 3: well-separated pairs showing a weak mor-
phology distortion.
• Class 4 (final coalescence): two components
strongly overlap with each other and show a strong
morphology distortion.
We consider Class 4 as merging galaxies, Class 1-3 as
close pairs, and other galaxies except Class 0 as isolated
galaxies because Class 0 still has potential paired galax-
ies. Out of the sample of 1222 star-forming galaxies, 55
(4.5%) are mergers, 161 (13.2%) are in close pairs, and
929 (76.0%) are classified as isolated galaxies.
2.6. Metallicity
2.6.1. Metallicity indicators
The oxygen abundance in the ISM can be mea-
sured using electron temperature-sensitive line ratios be-
tween nebular and auroral lines (e.g. [O III]λ5007 and
[O III]λ4363), known as the direct method (e.g. Izotov
et al. 2006). However, auroral lines are ∼ 100 times
2 http://nsatlas.org/
fainter than nebular lines, making the direct method
challenging in typical S/N spectra. Alternatively, var-
ious strong-line methods have been developed on the
basis that the flux ratios between strong lines also con-
tain information on metallicity. Commonly used strong-
line combinations include: ([O II]3927,9 + [O III]4959 +
[O III]5007)/Hβ (R23, Pagel et al. 1979; Tremonti et al.
2004), ([O III]5007/Hβ)/([N II]6584/Hα) (O3N2, Pettini
& Pagel 2004; Marino et al. 2013), [O II]3927,9/[N II]6584
(O2N2, Kewley & Dopita 2002; Dopita et al. 2013), and
a Bayesian-based method which takes multiple lines into
account (Blanc et al. 2015). Some strong-line methods
are calibrated by the direct method, while others are
calibrated through photoionization models. The abso-
lute oxygen abundances from different metallicity cali-
brators can differ by ∼ 0.4 dex (Kewley & Ellison 2008).
Since our analysis depends only on the relative values of
metallicities, the accuracy of the absolute values of the
metallicity calibrators is not the main concern.
However, strong-line flux ratios also depend on other
physical conditions in the ISM and not just the metal-
licity. Specifically, one needs to distinguish amongst
the effects of metallicity, ionization parameter, and the
hardness of ionizing spectra (Kewley et al. 2013). These
properties may also be physically correlated, e.g. lower
metallicity regions tend to have higher ionization param-
eters (Dopita et al. 2013; Morisset et al. 2016). Using
line ratios that depend strongly on the ionization pa-
rameter or the hardness of the ionizing radiation can
complicate the interpretation of the derived metallici-
ties. The photoionization models show that [O III]/Hβ
is also sensitive to ionization parameter (Dopita et al.
2013). Also, the ionization potential to produce doubly
ionized oxygen (35.1 eV) is much higher than for singly
ionized hydrogen, nitrogen, and oxygen (13.6, 14.5, and
13.6 eV respectively). For these reasons, neither the R23
nor the O3N2 metallicity calibrators are ideal for the
purpose of this study.
In this paper, metallicity is estimated using the
[O II]/[N II] ratio. We use the pyqz code v0.8.4 (Dopita
et al. 2013; Vogt et al., in prep.) with the MAPPINGS
V model grid of [O III]/[O II] versus [O II]/[N II] (Suther-
land & Dopita 1993; Allen et al. 2008; Sutherland et al.,
in prep.). The main idea is similar to what is described
in Dopita et al. (2013) where they used MAPPINGS IV
model grid, but MAPPINGS V has upgraded some in-
put atomic physics, the depletion of heavy elements onto
dust, and the methods of solution (Dopita et al. 2016).
We use models with the abundance pattern and deple-
tion fractions as described in Dopita et al. (2016) and
Nicholls et al. (2017). As shown in Fig. 2, [O II]/[N II]
is mainly sensitive to metallicity while [O III]/[O II] is
sensitive to ionization parameter. The effect of the non-
Maxwellian κ-distributed electrons (Nicholls et al. 2012;
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Figure 2. Left: distribution of pure star-forming spaxels in late-type galaxies with M∗ > 108.5 M in the extinction-corrected
[O III]/[O II]-[O II]/[N II] plane. The overlaid MAPPINGS V model grid (Sutherland el al. in prep.) shows the line ratios in
H II regions with different metallicities (from left to right along the x axis: 12 + log(O/H)=8, 8.375, 8.525, 8.725, and 8.875)
and ionization parameters (from bottom to top along the y axis: log q =6.5 to 8.5 with a step of 0.25). [O II]/[N II] is mainly
sensitive to metallicity while [O III]/[O II] is mainly sensitive to the ionization parameter. Right: the same dataset color-coded
by measured metallicity using the O2N2-based calibrator from the overlaid grid.
Pierrard & Lazar 2010) is small on the model grid in the
[O III]/[O II]-[O II]/[N II] space (Dopita et al. 2013). We
note that a recent study shows that the electron energy
distributions in H II regions closely follow the Maxwell-
Boltzmann distribution (Draine & Kreisch 2018). Also,
the ionization potentials are very similar for [N II] and
[O II], so the hardness of ionizing spectra plays a minor
role in the resulting flux ratios.
We adopt the model grid assuming a Maxwellian elec-
tron distribution and an ISM pressure log(P/k) = 5.5
in spherical H II regions. Using different ISM pressures
mainly affects the measured ionization parameters but
leaves the estimated metallicities nearly unchanged. For
spaxels located inside the grid, we derive their metallic-
ities and ionization parameters from the model grid us-
ing cubic interpolation. For spaxels outside the grid, we
extrapolate these quantities for them but discard those
located more than 0.3 dex away from the grid boundary.
Fig. 2 shows the distributions of pure star-forming
spaxels in MaNGA late-type galaxies in the extinction-
corrected [O III]/[O II]-[O II]/[N II] space, overlaid with
the model grid described above. The majority of
pure star-forming spaxels have ionization parameters of
log q ∼ 7.25 3, slightly tilting to higher ionization param-
eters at the low-metallicity end (12 + log(O/H)< 8.5).
It is consistent with previous work that H II regions with
lower gas-phase metallicities on average have higher ion-
ization parameters (Dopita et al. 2013; Morisset et al.
3 Following Dopita et al. (2013), ionization parameter q is de-
fined as the number of ionizing photons per unit area per second
divided by the gas particle number density. Therefore, q is in units
of cm s−1.
2016).
Although we attempt to select a calibrator most suit-
able for our purpose, the reality is that every metallicity
calibrator has its pros and cons. We choose O2N2-based
metallicity calibrator here because it has a weak depen-
dence on ionization parameter. However, its main weak-
ness is that the wider wavelength range of the emission
lines used makes it more sensitive to dust extinction.
Also, the photoionization models for this indicator as-
sume a relation between O/H and N/O abundance ra-
tios (Dopita et al. 2016). Therefore, while we select
O2N2-based calibrator carefully for the aforementioned
reasons, we also reproduce our key results using many
other metallicity calibrators in the Appendix. The con-
clusions of this paper do not change with different cali-
brators, and the O2N2-based calibrator we choose turns
out to be representative among all calibrators we test
(see the Appendix). Therefore, in the rest of the paper,
we present the results using the O2N2-based metallicity
calibrator.
2.6.2. Definition of anomalously-low-metallicity regions
We identify anomalously low-metallicity regions by
comparing the observed metallicity to the expected
metallicity based on existing empirical correlations.
Central oxygen abundance increases with galaxy stel-
lar mass and gradually saturates at the high-mass end
(Tremonti et al. 2004). A similar correlation is found
at ∼ kpc scales: the local metallicity is also correlated
with Σ∗, the local stellar surface mass density (Moran
et al. 2012; Rosales-Ortega et al. 2012). The local Σ∗-Z
relation may explain the global M-Z relation, but the
local Σ∗-Z relation in low-mass (. 109.5 M) galaxies
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Figure 3. The local relation between metallicity and stellar
surface mass density. The symbols represent the peaks of
metallicity distributions in each stellar mass bin. The stellar
mass bin 108.5−9 M is used for interpolation only and these
galaxies do not enter the sample for further analysis. The
background distribution and contours show the distribution
of all pure star-forming spaxels in late-type galaxies with
stellar masses > 108.5 M.
Figure 4. The metallicity deviation ∆ log(O/H) with re-
spect to stellar mass. The red points are all star-forming
spaxels in the sample, the black dots show the medians, and
the bars represent the standard deviations. The median val-
ues slightly offset from ∆ log(O/H) = 0 because of the low-
metallicity tail in the metallicity distribution (Fig. 5). Metal-
licity deviation has nearly no dependence on stellar mass.
systematically deviates to lower metallicities (Barrera-
Ballesteros et al. 2016). Therefore, to predict the local
metallicity, at least two parameters are required: total
stellar mass and the local stellar surface mass density.
For every star-forming spaxel, the expected metallicity
is computed based on the correlations with total stellar
mass and local surface mass density. As shown in Fig. 3,
for each stellar mass bin, we correlate local metallicity
with local stellar surface mass density. Specifically, for
late-type galaxies in a certain stellar mass bin, we se-
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Figure 5. The distribution of metallicity deviation for star-
forming spaxels in late-type galaxies with stellar mass >
109 M (blue histogram). Clearly, there is a low-metallicity
tail. The orange dashed line is a Gaussian profile for ‘normal’
spaxels, with a standard deviation of σZ = 0.07. The black
solid line is the residual by subtracting the negative side of
the histogram from the fitted Gaussian profile. The residual
intersects with the fitted Gaussian at ∆ log(O/H) = −0.13.
We refer those spaxels deviating to lower metallicity by more
than 0.14 dex (the vertical dotted line) as anomalously-low-
metallicity (ALM) spaxels.
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Figure 6. Histograms of the fraction of star-forming spax-
els being classified as anomalously-low-metallicity (ALM) in
each galaxy. The orange (higher) histogram represents all
late-type galaxies, while the blue (lower) histogram refers to
those late-type galaxies having more than 20 ALM spaxels.
The dashed line located at 0.04 is the fraction used as the
criterion in this paper to define galaxies having ALM regions.
lect the pure star-forming spaxels that have measured
metallicities. Then for each surface mass density bin of
these spaxels, we compute the ‘mode’ of the metallicity
distribution. We use the mode because the distribu-
tion has a low-metallicity tail (like Fig. 5) such that the
median values are offset from the peaks. The ‘mode’
of the metallicity distribution is derived using the peak
of a fitted skew Gaussian profile which takes the low-
metallicity tail into account. The ‘modes’ in each stellar
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mass bin and surface mass bin are present as circles in
Fig. 3. The step of stellar mass bin is 0.5 dex, except
for the bin of 1010−12 M because fewer galaxies have
masses > 1010.5 M and because the relation between
metallicity and surface mass density does not vary sig-
nificantly in this mass range.
The shape of the Σ∗-Z relation depends on the metal-
licity calibrator used. For example, using the O3N2 cal-
ibrator from Marino et al. (2013) gives a flatter Σ∗-Z
relation on the high surface mass density end (Barrera-
Ballesteros et al. 2016). But, as detailed later, because
we are computing the metallicity difference at a fixed
surface mass density, the overall shape of the Σ∗-Z rela-
tion does not affect our result. Some key results using
different calibrators are shown in the Appendix.
We do not restrict our sample to non-interacting
galaxies when we derive the Σ∗-Z relation in Fig. 3. In
fact, the result is nearly the same if we exclude them.
This is because (1) interacting galaxies (mergers and
close pairs) only constitutes 18% of the star-forming
galaxies, and (2) we use the ‘modes’ to construct the
Σ∗-Z relation. While the mean values are easily affected
by outliers, the ‘mode’ of the distribution is determined
by the entire population so it remains almost unchanged.
The expected metallicity (12 + log(O/H))exp is com-
puted via the interpolation of both stellar mass and sur-
face mass density from the symbols in Fig. 3. For a
given a galaxy, we first interpolate the expected local
Σ∗-Z relation for its total stellar mass. During the in-
terpolation, each stellar mass bin represents its central
value of the range. For example, the local Σ∗-Z relation
for the stellar mass bin 109−9.5 M represents the rela-
tion for a 109.25 M galaxy. The exception is the most
massive bin of 1010−12 M that represents a 1010.25 M
galaxy (since most galaxies in this bin are in the range
of 1010−10.5 M). The bin of 108.5−9 M is only used
for interpolation, and we do not further analyze the
galaxies in this bin. In the stellar mass bin 108.5−9 and
109−9.5 M, galaxies do not cover the high surface den-
sity end (& 108.8 M kpc−2), and we assume the same
metallicities as their highest surface density bins for the
uncovered bins during the interpolation. Therefore, the
local Σ∗-Z relation for a galaxy of a specific total stellar
mass is interpolated from these points. With the local
Σ∗-Z relation for this galaxy, the metallicity expected for
every spaxel is derived based on its surface mass density
using interpolation.
The metallicity deviation is computed as
∆ log(O/H) = (12 + log(O/H))obs− (12 + log(O/H))exp.
Fig. 4 presents the metallicity deviation as a function
of stellar mass. It shows that there is no dependence
on stellar mass over the range 109−11 M, which is the
stellar mass range of interest in this paper.
The blue histogram in Fig. 5 shows the distribution
of metallicity deviation for the entire sample of spaxels.
Because of the use of ‘modes’ instead of medians in indi-
vidual bins, the peak of the distribution is well located
at ∼ 0 as expected. The distribution is notably asym-
metric, with a tail extending to low-metallicity and no
corresponding feature on the high-metallicity side.
We fit the metallicity deviation distribution in Fig. 5
with two components: anomalously-low-metallicity
spaxels whose metallicities are lowered by some mech-
anisms, and ‘normal’ spaxels whose metallicities follow
the local Σ∗-Z relation very well. Therefore, the posi-
tive side of the metallicity deviation distribution is dom-
inated by ‘normal’ spaxels. We determine σZ, the stan-
dard deviation for ‘normal’ spaxels, by fitting a Gaussian
profile to the positive side and an assumed symmetric
negative side. The best fit is shown as the dashed or-
ange profile in Fig. 5, giving σZ = 0.07. The positive
side of the metallicity deviation is well described by the
best-fit Gaussian profile.
The term σZ contains several effects: possible mech-
anisms that affect the metallicities, the intrinsic scatter
of the metallicity calibrator, uncertainty in the inter-
polations, all measurement errors including b/a ratios,
total stellar mass, surface mass density, flux ratios, and
extinction correction. Therefore, by using σZ as a crite-
rion, we consider that this effectively take these uncer-
tainties into account.
To quantify the anomalously-low-metallicity spaxels
in Fig. 5, we derive the residual (the black solid line)
by subtracting the fitted Gaussian profile of the nor-
mal spaxels from the total. The residual intersects with
the fitted Gaussian profile at ∆(O/H) = −0.13. Mo-
tivated by this, we define the low-metallicity spaxels
as those in which the observed metallicities are lower
than the expected ones by more than 2σZ = 0.14, or
∆ log(O/H)/σZ < −2. Hereafter, we will use the term
‘anomalously-low-metallicity (ALM)’ to refer to those
spaxels where ∆ log(O/H) < −2σZ.
With this criterion for ALM spaxels, here we further
define the galaxies having ALM regions. The defini-
tion is motivated by the size of the PSF, and by the
requirement that these low-metallicity spaxels need to
constitute at least a certain fraction of the pure star-
forming spaxels in a galaxy. Specifically, with a typical
PSF of 2.5 arcsec (∼ 1.5 kpc at z = 0.03) in FWHM
and 0.5 arcsec for the size of a spaxel, the angular area
of the PSF corresponds to ∼ 19.6 spaxels. Therefore,
we require that galaxies defined as having ALM regions
have at least 20 ALM spaxels. To decide how to de-
fine the subset of galaxies with ALM spaxels, we use
two other arguments. First, if the metallicity deviation
of normal spaxels is a perfect Gaussian profile with a
standard deviation of σZ, statistically there is ∼ 2.1 per
cent of normal spaxels satisfying the criterion for ALM
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spaxels. Second, in Fig. 6 we show the distribution for
the fraction of star-forming spaxels in a galaxy that are
classified as ALM, which we call the ‘ ALM covering
fraction’. The peak at 0 in late-type galaxies means
that the majority of galaxies do not have ALM spaxels.
The distribution then drops steeply from a fraction of 0
to 4 percent, and then levels off, indicating an additional
component.
Based on these two factors, we introduce a cut of 4
per cent as our criterion. Afterwards, we visually inspect
the candidate galaxies having ALM regions, and exclude
the galaxies where their ALM spaxels are randomly dis-
tributed and therefore no convincing ALM regions are
identified. In conclusion, galaxies having ALM regions
are defined such that they have at least 20 ALM spaxels
and that these ALM spaxels constitute more than 4 per
cent of the star-forming spaxels in the galaxy.
3. RESULTS
Before any quantitative analysis, we begin this section
by showing images that represent common examples of
galaxies having ALM regions (in Fig. 7). Such regions
can be found in a variety of galaxies: interacting and
non-interacting galaxies, both with and without bars.
In the maps of metallicity deviation in Fig. 7, blue and
purple spaxels represent ALM gas. Spaxels without a
metallicity deviation measurement in the maps have ei-
ther low S/N ratios in some emission lines, are not purely
star-forming regions based on the BPT diagram, or have
bad data quality flagged in the pipeline. A simple in-
spection of these examples shows that the ALM regions
can cover relatively large parts of some interacting galax-
ies (8252-9102 and 9883-3701), while in other galaxies,
the ALM regions are smaller and can be located in both
the inner (8551-3701) and outer disk (8466-12702 and
8945-12705). Sometimes, especially in non-interacting
galaxies, corresponding structures can be identified in
the optical images, for example 8466-12702 and 8945-
12705 in Fig. 7. These structures include: blue regions of
ongoing star-formation and faint structures which might
be accreting dwarf galaxies. In the following sections, we
quantify these results and determine which global and
local properties correlate most strongly with the pres-
ence of anomalously-low-metallicity regions.
3.1. Correlations with global properties
In Fig. 8, we correlate the presence of ALM regions
with the global properties of galaxies, including the total
stellar mass, NUV−r colors, asymmetry, and concen-
tration. Compared to the star-forming sample, galax-
ies having ALM regions tend to be less massive, have
bluer NUV−r colors and higher asymmetry indices, but
are not significantly different in terms of the concentra-
tion. We perform the Kolmogorov-Smirnov (K-S) test
to quantify the significance of the difference between the
star-forming sample and the galaxies having ALM re-
gions. The p-values, the probability that the two distri-
butions are sampled from the same parent distribution,
are 1×10−6, 2×10−29, 2×10−10, and 0.3, for total stel-
lar mass, NUV−r, asymmetry index, and concentration,
respectively. Therefore, the differences are significant in
M∗, NUV−r, and asymmetry index, but not in concen-
tration.
In Fig. 9, we further investigate the occurrence rate
of galaxies having ALM regions as a function of stellar
mass, NUV−r color, and the asymmetry index. The
fraction of star-forming galaxies with ALM regions drops
strongly with increasing stellar mass, from nearly 30%
at 109 M to nearly 0% at 1011 M. A complementary
view is provided by Fig. 9 in the right panels. Here we
select only the ALM galaxies, and then plot the fraction
of star-forming spaxels that are classified as ALM in
these galaxies as a function of the stellar mass. We
define this as the ‘ALM covering fraction’. This shows
that the ALM covering-fraction drops from about 30%
at 109 M to about 10% above 1010.5 M. This means
that ALM regions tend to cover larger fraction of SF
regions in less massive galaxies.
On average, galaxies with ALM regions are bluer in
NUV−r colors by 0.5 mag (Fig. 8). Amongst the bluest
galaxies (NUV−r < 1.5), roughly 70% have ALM re-
gions (Fig. 9). This fraction drops to only about 10%
for galaxies redder than NUV−r ∼ 3.0. The results
establish a connection between low-metallicity regions
and higher global sSFRs. Also, the ALM covering
fraction drops from about 35% for galaxies bluer than
NUV−r = 1.8 to about 25% for the rest.
Fig. 9 shows that the fraction of ALM galaxies rises
with increasing asymmetry index: from only about 10%
at Asymmetry ∼ 0, to ∼ 50% for Asymmetry > 0.2
(strongly disturbed). Similarly, the ALM covering frac-
tion in ALM galaxies is higher for strongly disturbed
galaxies. All these results are consistent with the con-
clusions in Reichard et al. 2009 based on SDSS central
fiber data that more metal-poor galaxies are more lop-
sided at fixed mass (see also Michel-Dansac et al. 2008).
However, the majority of ALM galaxies actually do not
have a strongly disturbed morphology. Specifically, 82%
of galaxies with ALM regions have an asymmetry index
less than 0.2. In other words, while highly asymmetric
galaxies are much more likely to have ALM regions, the
majority of galaxies with ALM regions are not highly
asymmetric. Some may be in interacting systems at
early-stages without strong morphological disturbance,
or be experiencing minor mergers with satellite galaxies.
We will discuss this further in Sec. 3.3.
Finally, Fig. 8 shows that there is no apparent dif-
ference in the concentration index between star-forming
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Figure 7. Examples of galaxies having ALM regions. MaNGA plate-IFU ID from top: 8252-9102, 9883-3701, 8466-12702,
8945-12705, 8551-3701. From left to right: SDSS optical images, Hα maps, and metallicity deviation maps where σZ = 0.07 dex.
Some galaxies are associated with strong interaction, while some are isolated. The size of the spaxels is 0.5 arcsec on each side.
Spaxels without metallicity measurement are either not purely star-forming regions, or have emission lines below the adopted
S/N ratio cuts.
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Figure 8. Galaxy distributions of NUV−r color, asymmetry
index, and concentration index with respect to stellar mass.
Blue triangles represent galaxies having ALM regions, and
red dots are star-forming late-type galaxies without them.
Background grey levels show the distribution of all MaNGA
galaxies, including both late-type and early-type galaxies.
For each parameter, we show the distributions of galax-
ies having ALM regions and the star-forming sample. The
dashed lines represent the median.
galaxies with and without ALM regions (with a p-value
of 0.3 from the K-S test). The concentration index is a
measure of bulge-to-disk ratios and the Hubble types of
late-type galaxies (Conselice 2003). Therefore, the pres-
ence of low-metallicity regions is nearly independent of
the relative strength of the bulge for late type galax-
ies. However, we are pre-selecting star-forming galaxies,
which will tend to have smaller bulges. Therefore, the
lack of a trend could be due to the relatively small range
of the concentration index.
3.2. Correlations with local properties
In this section we will examine whether spaxels con-
taining ALM gas differ systematically in terms of their
other local properties. To probe a connection to the star
formation we will use two local parameters. The first is
the amplitude of the 4000A˚ break or Dn4000 (the ratio
of continuum fluxes on either side of the 4000 A˚ break
caused by long-lived low-mass stars). This is an indica-
tor of the specific SFR (sSFR) over timescales of ∼ 108
to 109 years (Kauffmann et al. 2003a). We will also
use the extinction-corrected Hα emission-line luminos-
ity to calculate the local star-formation rate per unit
area (ΣSFR), and divide this by the local stellar surface
mass-density (Σ∗) to determine the local specific star-
formation rate (sSFR = ΣSFR/Σ∗). This measures the
sSFR over much shorter timescales than Dn4000. We
also use the equivalent width of Hα (EW(Hα)), which is
a non-parametric indicator of sSFR. Although the rela-
tion between sSFR and EW(Hα) is very tight (Sa´nchez
et al. 2013; Belfiore et al. 2018), we decide to present the
results of both of them because while sSFR has more di-
rect physical meaning, EW(Hα) is independent of stellar
population models and free from the error propagation
caused by the measurement of stellar surface mass den-
sity.
Fig. 10 shows the kpc-scale local properties of low-
metallicity regions. The error bars are Poisson errors,
and when we compute them, we divide the number of
spaxels in each bin by 20 because the size of the PSF
means that not all spaxels are independent. The fraction
of ALM spaxels amongst all star-forming spaxels in all
galaxies is a strong function of the local indicators of
stellar age/star-formation. The fraction is only about
5% for Dn4000 > 1.3, but rises steeply to almost 60% for
Dn4000 < 1.1. It is consistent with Sanchez et al. (2015)
where they show that lower metallicity is correlated with
younger stellar ages, but here we further demonstrate
that it still holds after controlling for the dependence
of metallicity on the host galaxy mass and local stellar
surface mass density. Similarly, the fraction is about 6%
for an sSFR = 10−10.5 yr−1, but rises to about 30% for
sSFR> 10−9 yr−1, and about 5% for an EW(Hα)= 20A˚
to 60% for EW(Hα)∼ 300A˚.
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Figure 9. Left: the fraction of star-forming galaxies having ALM regions (i.e. the occurrence rate) with respect to global
properties. Right: the fraction of star-forming spaxels classified as ALM (the ALM covering fraction) in ALM galaxies. The
x-axis error bars indicate the range of the bins. The y-axis error bars are Poisson errors (left) and standard deviation of the
mean (right). The positions of the dots represent the median values in the bins.
These dependences imply that the ALM gas has a
strong connection to the underlying stellar population
and the recent star-formation history. This is consistent
with other recent results. Rowlands et al. (2018) used
the MaNGA data to classify the stellar population in
spaxels based on a principal component analysis of the
continuum (Wild et al. 2007). They found that spax-
els classified as starbursts have significantly lower gas-
phase metallicity than other spaxels. Similarly, Sa´nchez
Almeida et al. (2018) studied the local relation between
SFR and metallicity using a sample of 14 dwarf galax-
ies with stellar masses ranging from M∗ = 107.0−9.5 M,
showing that spaxels with locally higher SFRs tend to
have lower metallicity (see also Sa´nchez Almeida et al.
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Figure 10. The fraction of ALM spaxels amongst all star-forming spaxels, with the normalized distributions of star-forming
and ALM spaxels at top. The fraction of ALM spaxels rises steeply with decreasing Dn4000, increasing sSFR and EW(Hα),
while slight increases at larger galactocentric radii.
2015).
Fig. 10 also shows that the fraction of ALM star-
forming spaxels rises slowly with increasing radius, from
about 10% inside 1 Re, to 17% outside 2 Re. It means
that ALM regions slightly prefer the outer regions. We
will show in Sec. 3.3 that the radial distribution of ALM
regions is related to the interaction stage.
We note that while we have chosen a specific metric
to define ALM regions (a metallicity deviation of more
than 2 σZ, equivalent to an offset of more than 0.14 dex
in O/H), the connection of metallicity deviation and star
formation is independent of this particular choice. This
is shown in Fig. 11, where we plot the metallicity de-
viation of star-forming spaxels as a function of sSFR,
EW(Hα), and Dn4000. There are clear and systematic
trends for larger metallicity deviations for young (more
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Figure 11. Metallicity deviation versus specific SFR (top),
EW(Hα) (middle), and Dn4000 (bottom) for star-forming
spaxels, where σZ = 0.07 dex. The circles indicate the me-
dian values and the error bars show the standard deviation.
The blue dots are the ALM spaxels and the red dots are
the rest of the spaxels. Spaxels having higher sSFR, higher
EW(Hα), and lower Dn4000 deviate more to the lower metal-
licity.
strongly star-forming) regions in both plots that are in-
dependent of any specific definition of ALM.
The strong connection between ISM metallicity and a
young stellar population suggests that the star forma-
tion in the ALM regions may be triggered by the arrival
of low-metallicity gas. The young stellar ages in low-
metallicity regions also constrain the lifetime of these
regions. We will return to this point in Sec. 4.2 below.
3.3. Interactions and Interaction Classes
In Sec. 3.1, we found that galaxies having higher asym-
metry index tend to have ALM regions, suggesting that
galaxy interactions play an important role in produc-
ing these ALM regions. Since the asymmetry index is
mainly sensitive to the strongest morphological distur-
bances and later interaction stages, and does not reflect
the entire interaction process, we further consider the vi-
sual classification of three interaction classes: mergers,
close pairs, and isolated galaxies (see details in Sec. 2.5).
In our star-forming galaxy sample, 52% (29/55) of
mergers and 30% (49/161) of close pairs have ALM re-
gions, while only 23% (229/1006) isolated galaxies have
them. The higher occurrence rate in stronger interacting
systems suggests that interaction may be able to trigger
ALM regions.
Fig. 12 demonstrates how ALM regions distribute ra-
dially in the ALM galaxies. In each radial annulus, we
collect all star-forming spaxels for a certain class of ALM
galaxies, and compute the median metallicity deviation
and the standard deviation of the mean (represented as
vertical bars in the left panel of Fig. 12). When comput-
ing the standard deviation of the mean, we take the PSF
into account by dividing the total number of the spaxels
by 20. Here we exclude a close pair galaxy 8312-12701
because it has an unreliable effective radius measure-
ment in the NSA catalog. Fig. 12 shows that different
interaction classes have distinct radial distributions of
ALM gas, and different ALM covering fractions. Merg-
ers have lower metallicity deviations over all radii, par-
ticularly in the inner regions (< 0.5Re). In close pairs,
the absolute metallicity deviations increase monotoni-
cally with radius, both in terms of the median devia-
tion and the covering fraction of ALM spaxels. The
radial distributions in mergers and close pairs suggest
that, during the interaction, inflows lower the metallic-
ity more significantly in the outer regions at the early
stage, and then the low-metallicity material flows into
the innermost region at the final coalescence phase.
One can argue that the ALM regions identified in in-
teracting systems are due to the inward radial transport
of outer disk gas (which is more metal-poor), instead of
the accretion of gas from outside of the galaxy. While
this scenario is possible, it is at odds with our finding
that ALM regions are more likely to be found in the
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outskirts in close pairs and isolated galaxies.
In isolated galaxies, the metallicity deviation as a
function of galactocentric radii is similar to that in close
pairs, with larger deviation in the outer regions & 1Re,
while the amplitude is weaker than close pairs on av-
erage. This similarity hints that the ALM regions in
isolated galaxies might be related to weaker interaction,
like accreting satellite galaxies or CGM/IGM gas.
In addition to radial variations, some close pairs have
intriguing azimuthally asymmetric metallicity distribu-
tions. Fig. 13 presents two of the clearest examples,
8454-12703 (left) and 8313-12702 (right). They have
projected separations of 45 and 17 kpc (h = 0.7) respec-
tively from their companions. The regions of ALM are
found mainly in the outer regions (> 0.5Re) in both
cases. Most interestingly, the metallicity deviations are
much stronger on the sides closer to their companions.
This azimuthal dependence can also be seen in the mea-
sured metallicity, as shown in the bottom row of Fig. 13,
where the x-axes are the azimuthal angles corrected for
inclination, with 0 degrees pointing toward the compan-
ions.
The fact that the side closer to the companion has
lower metallicity suggests that these azimuthally asym-
metric metallicity distributions may originate from the
interaction with the companion. In 8454-12703 and
8313-12702, the low-metallicity regions have sizes on
galactic scales. If they were from the infalling satel-
lite galaxies, the galactic-scale infalling structures would
have been seen in the optical images, and the morpholo-
gies of 8454-12703 and 8313-12702 would be strongly
disturbed. However, 8454-12703 and 8313-12702 do not
show any such discrete structures and their disks are
not strongly disturbed. Therefore, they may be the
most convincing cases that their ALM regions are due
to the metal-poor gas inflow, instead of accreting satel-
lite galaxies or minor mergers. Out of 48 close pairs
with ALM regions, we find that 6 of them, including the
two in Fig. 13, show such azimuthal metallicity depen-
dences. The occurrence of such metallicity distributions
may depend on the interaction configurations, mass ra-
tios, primary or secondary galaxy in close pairs, and/or
gas content.
While the majority of galaxies with ALMs are not
strongly interacting or merging systems, they may be
interacting with small satellite galaxies that do not sig-
nificantly perturb their morphology. As an example,
we consider here the isolated ALM galaxy 8931-12702
(Fig. 14). The galaxy has a strong bar and two dis-
torted spiral arms. In addition, a faint third arm ap-
pears north-west to the galaxy without any symmetric
counterpart on the other side. Furthermore, the third
arm has much lower metallicity than the rest of the
galaxy. A much deeper optical image from DECalLS
DR7 shows that there is a faint ‘great circle’ structure
around the galaxy. This structure is similar to the tidal
streams like the Sagittarius stream around the Milky
Way (Belokurov et al. 2006) and NGC 5907 (Martinez-
Delgado et al. 2008). N -body simulations show that
such tidal streams are due to the disruption of a satel-
lite galaxy in the past 6 − 10 Gyr (Law et al. 2005;
Johnston et al. 2008). The ALM region is connected
to the great circle structure, suggesting they share the
same origin.
3.4. Metal-poor Outer Rings
We found above that the strongest radial trends for
ALM regions are that they are more prevalent in the
outer disks of isolated massive star-forming galaxies.
Here we show some examples of the morphology of these
outer ALM regions. Fig. 15 shows objects that have
ALM regions in their outskirts, forming an outer ‘ring’
(see their [O III] maps). All these galaxies are more mas-
sive than ∼ 109.6 M, with quite old stellar populations
in their centers.
If these ring-like ALM regions were due to the dis-
ruption of infalling satellites, based on the sizes of the
regions, the satellites should have been able to disturb
the galaxy structure. However, in these galaxies, we do
not see tidal streams, interaction-induced bars, distorted
spiral arms, nor any extra structure. Thus, it is still not
clear how to form such large-scale ring-like structures,
and why ring-like low-metallicity regions are only seen
in more massive galaxies. It can be due the inside-out
disk formation when the outer gaseous disk satisfies the
Toomre instability to form stars and the resulting stars
have not yet replenished the ISM with metals. The stel-
lar mass dependence might be related to different domi-
nant modes of accretion in different mass regimes (Rees
& Ostriker 1977), or due to the recycled wind mode
(Oppenheimer et al. 2010).
4. DISCUSSION
4.1. The sources of low-metallicity gas
First, we note that our methodology searches for low-
metallicity outliers, so it is mainly sensitive to individual
events that have significantly lowered the ISM metallic-
ity relative to expectations. Examples of such events
would include enhanced radial inflow induced by inter-
actions, accretion of dwarf galaxies, and infalling gas
clouds from CGM and IGM. On the other hand, if there
is gas inflow feeding galaxies constantly and spatially
uniformly, its effect on metallicity would be incorporated
into the local Σ∗-Z relation and these regions would not
be identified as ALM regions with our method.
Previous work on gas-phase metallicity mainly focuses
on the properties of the general population of star-
forming spaxels. Some studies show that there is no
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Figure 12. Metallicity deviation (left) and covering fraction of ALM spaxels (right) versus galactocentric distances for galaxies
having ALM regions. The metallicity deviations in the left panel show the median and the error bars show the standard
deviation of mean. The horizontal segments show the median FWHM of PSF in units of Re. Spaxels in mergers deviate to
lower metallicity the most in the inner regions, and the covering fraction of the ALM gas shows little radial variation. In close
pairs and isolated galaxies, both the amplitude of the metallicity deviation and the covering fraction of ALM spaxels increase
with increasing radius.
strong correlation between the local ∆ log(O/H) with
local SFRs (Sa´nchez et al. 2013; Barrera-Ballesteros
et al. 2018), while some report such a relation (Sa´nchez
Almeida et al. 2015, 2018). In terms of radial distribu-
tion, the metallicity gradients of MaNGA star-forming
galaxies are reported in Belfiore et al. (2017). Similarly,
the correlation between metallicity and local stellar sur-
face mass density has been presented in several studies
(Moran et al. 2012; Rosales-Ortega et al. 2012; Barrera-
Ballesteros et al. 2016). While it is still under debate
whether galactocentric distance or surface mass density
is more fundamental to the metallicity distribution (e.g.
Pilyugin et al. 2017), empirically, the local stellar sur-
face mass density is strongly related to the distance (for
a given stellar mass). Thus, when we select ALM spaxels
by using the local surface mass density, we are effectively
incorporating the radial dependence of metallicity. Our
approach is different from these aforementioned studies,
as we focus on the anomalously-low-metallicity outliers
rather than the mean. Because ALM spaxels only con-
stitute ∼ 10% of the star-forming spaxels, they make
very little contribution to the correlations seen for the
entire star-forming population and may be easily missed.
Here we are specifically targeting them to study their
properties and origin.
What is the origin of this ALM gas? One important
clue is that the incidence rate and spatial distribution
of this material is significantly larger in strongly asym-
metric galaxies. This can be seen in Fig. 8 and Fig. 9,
as well as in Fig. 12. This implies that in these cases,
the low-metallicity inflow occurs as a result of strong
interactions. This is further supported by the differ-
ence in the radial distributions of the ALM material in
close pairs vs. mergers (Fig. 12). This implies that
during the early stages of the interaction, the ALM ma-
terial has been delivered to the outer part of the galaxy.
During the subsequent merger the ALM material is re-
distributed throughout the galaxy. The delivery of this
gas leads to enhanced star-formation on local and global
scales in these systems.
However, it is important to emphasize that most of
the galaxies with ALM regions are not in strongly in-
teracting systems. While in principle, this gas could
have an entirely different origin, the most straightfor-
ward interpretation is that it is delivered by qualita-
tively similar (but smaller-scale) mechanisms, such as
the capture of small satellite galaxies (see Fig. 14) or
accretion of gas clouds from the CGM or IGM. This is
consistent with the association between ALM gas and
strong star-formation that we see on local and global
scales in the whole sample (not just mergers and close
pairs). The CGM is a plausible source for such material:
CGM clouds have a mean metallicity about three times
lower than the ISM, and comprise at least as much gas
mass as the ISM (Tumlinson et al. 2017 and references
therein).
4.2. Timescales
In order to understand how frequently gas is accreted
by galaxies, we begin by attempting to constrain the
lifetime of the ALM regions we have identified. Below,
we will consider several constraints: the lifetime of mas-
sive stars responsible for most of oxygen in the ISM, the
mixing timescales of low-metallicity gas, and the self-
enrichment of the gas by metal-rich stellar ejecta.
The strong local connection between low metallicity
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Figure 13. Examples of azimuthally asymmetric metallicity distributions (left: 8454-12703; right: 8313-12702). From top
to bottom: SDSS optical images, maps of metallicity deviation, and the metallicity distributions with respect to de-projected
azimuthal angle. The dashed ellipses indicate the elliptical effective radii of 0.5Re, 1Re, and 1.5Re. The arrows show the direction
of the companions. In the plots of metallicity distribution versus azimuthal angle (bottom), the lines represent the mean while
the shaded regions represent the standard deviation. The de-projected azimuthal angles are corrected for inclination, with 0
degree set to the direction of companions. The metallicities on the sides closer to the companions are lowered by 0.1− 0.15 dex
at distances > 0.5Re.
regions and lower Dn4000 in Fig. 11 suggests that the
young stellar population is recently born from the low-
metallicity gas. Therefore, the stellar age serves as a
clock in the low-metallicity regions. With a median
Dn4000 of 1.2 for low-metallicity spaxels, the corre-
sponding stellar age is ∼ 250 Myr (Kauffmann et al.
2003a), providing a timescale for the lifetime of low-
metallicity regions. The presence of low-metallicity gas
is also correlated with the global specific SFR (based
NUV−r). On global scales, a simple causality argument
implies that the SFR cannot vary significantly on time
scales much shorter than a galaxy crossing time (of-order
a hundred Myr). This is consistent with the timing con-
straints based on the local stellar population.
We can also consider how long it would take low-
metallicity material to physically mix with the sur-
rounding (higher-metallicity) ISM. Locally, typical non-
circular velocities in the ISM are of-order 10 km s−1, so
Low-metallicity regions in star-forming MaNGA galaxies 19
Figure 14. A galaxy (8931-12702) with a ‘great circle’ tidal stream. The top row shows the optical images from SDSS (left)
and from a deeper optical survey DECalLS DR7 (right) where the tidal stream can be easily seen. The second row, from left to
right, shows its Hα, [O III], and metallicity deviation maps. With the distorted spiral arms, bar probably induced by interaction,
and the tidal stream, the ALM region in this galaxy is due to a infalling dwarf galaxy.
gas would mix on spatial scales of a few kpc on time
scales of a few hundred Myr. Differential rotation will
lead to shear, and radial mixing on timescales of a galaxy
rotation period (few hundred Myr). The azimuthally
asymmetric metallicity distribution seen in close pairs
(Figure 13) also suggests that the mixing timescale is at
least half of the rotation periods. Based on their stellar
velocities, 8454−12703 and 8313−12702 have rotation
periods of ∼200 Myr, implying a mixing timescale of at
least ∼ 100 Myr. This is in agreement with our previous
estimates. Numerical simulations based on the mixing
driven by supernova (de Avillez & Mac Low 2002) and
thermal instabilities (Yang & Krumholz 2012) are also
consistent with these timescales.
Finally, we can consider how long it will take, once star
formation begins, until the resulting metal-rich stellar
ejecta self-enrich the ISM and erase the signature of the
low-metallicity gas. Almost all oxygen in the ISM is
produced by massive stars (& 8 M). Their lifetimes are
short (. 30 Myr), so oxygen from the nucleosynthesis in
massive stars can enrich the ISM via supernovae very
quickly. If we consider a simple closed-box model given
a gas depletion time τSF and a constant SFR (so Σ∗ =
ΣSFR× t), the mass fraction of oxygen in ISM XO(t) is:
XO(t) =
Σoxygen
Σgas
=
P × Σ∗
Σtot − Σ∗ =
P × t
τSF − t , (4)
where P is the dimensionless oxygen yield integrating
over IMF, and t is the time since the onset of star forma-
tion. Assuming P = 0.007 (Kobayashi et al. 2006; Zahid
et al. 2012) and the Salpeter IMF, the time it takes for
ISM to reach solar from an initial half solar metallicity is
0.17τSF. Based on this simple closed-box model, we have
an order-of-magnitude timescale for massive stars to en-
rich ISM with oxygen. With the Kennicutt-Schmidt re-
lation (Schmidt 1959; Kennicutt, Jr. 1998; Bigiel et al.
2008), we estimate τSF ∼ 1 Gyr in the ALM regions,
so this gas will be self-enriched on a timescale of a few
hundred Myr.
We conclude that all these arguments yield consistent
lifetimes for the ALM regions of a few hundred Myr.
4.3. Masses and accretion rate
ALM regions are commonly found across the popula-
tion of late-type galaxies. While they are more common
in the lower-mass galaxies, they can be found across the
whole mass range. Moreover, they do not show any ap-
parent dependence on concentration, a proxy for bulge-
to-disk ratios and hence the Hubble types of late-type
galaxies (Conselice 2003). The ubiquity of these ALM
regions suggests that they are part of the normal life-
cycle of typical late-type galaxies. If indeed accretion
events causing the low-metallicity regions happen oc-
casionally for all late-type galaxies, then the fraction
of late-type galaxies having low-metallicity regions in-
dicates the duty cycle for such accretion events. Based
on the occurrence rate of having ALM regions in the
star-forming galaxies, the overall duty cycle is ∼ 25%
(307/1222). With the lifetime of ALM regions to be a
few hundred Myr, this implies there is an accretion event
once every ∼ Gyr.
We now make an order-of-magnitude estimate of the
mass involved and the implied accretion rate. Let us
consider a typical MaNGA galaxy with ALM regions.
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Figure 15. Examples of galaxies with ALM rings in the outskirts. The MaNGA ID from top: 8257-12705, 8613-12702, 7960-
12704, 7957-12702. From left to right: optical SDSS images, Hα maps, [O III] maps, and metallicity deviation maps. The ALM
rings can be easily seen in the [O III] maps. All these galaxies are isolated and non-interacting, and they have higher stellar
mass (> 109.7 M), older stellar population at the centers, with ongoing star-forming regions on the edges of the stellar disks.
For the typical stellar mass of 109 to 1010 M, the
typical ISM (atomic and molecular) gas mass will be
a few×109 M (Catinella et al. 2018). Based on the
covering fraction of ALM spaxels in ALM galaxies over
this mass range, the implied mass of metal-poor gas in
such a galaxy would be about 109 M. With one event
per Gyr, the accretion rate per late-type galaxy would
be ∼ 1 M yr−1.
We can now compare this to the rate at which gas
is converted into stars. In the local Universe, the
star-forming sequence has a mean SFR ranging from
∼ 0.3 M yr−1 for 109 M to ∼ 1 M yr−1 for 1010 M
galaxies (Schiminovich et al. 2007). Therefore, an ac-
cretion rate of 1 M yr−1 is able to supply gas for these
low-mass late-type galaxies at a rate sufficient to offset
their star formation. Of course, using ALM regions as
sign-posts may miss some of the accretion, especially if
it happens more smoothly (rather than in events that
are discrete in time, space, and chemical composition).
5. CONCLUSIONS
In this paper, we have used MaNGA data to iden-
tify regions of anomalously-low-metallicity (ALM) in the
ISM in 1222 local star-forming late-type galaxies. We
have chosen to use the [O II]/[N II]-based oxygen metal-
licity calibrator in order to minimize the effect of ion-
ization parameter on the estimates. Only pure star-
forming spaxels are analyzed so that this metallicity cal-
ibrator can be used. Based on the tight empirical rela-
tion between metallicity and local stellar surface mass
density at fixed stellar mass, ALM regions are identified
by those spaxels with observed metallicity lower than
the expected value by more than 0.14 dex. We find few
spaxels whose metallicities are higher than expected by
this amount. By investigating the global properties of
galaxies having ALM regions and their local properties,
we present the following findings:
1. ALM regions are found in about 25% of
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the MaNGA star-forming galaxies. The low-
metallicity spaxels comprise about 10% of the to-
tal number of star-forming spaxels over this same
mass range.
2. The incidence rate of ALM regions decreases sys-
tematically with increasing stellar mass, from
about 30% at 109 M to nearly zero at 1011
M. The incidence rate is also much higher for
bluer NUV−r colors (and therefore higher global
specific SFRs), reaching about 70% for galaxies
bluer than NUV−r = 1.5. Roughly 50% of the
strongly disturbed galaxies (Asymmetry > 0.2)
have ALM regions, compared to only 25% of the
less-disturbed galaxies. Nevertheless, the majority
of ALM galaxies (82%) are not strongly disturbed.
We find no strong trends with Concentration (a
proxy for Hubble type).
3. On local kpc scales, the ALM regions have higher
sSFRs and younger stellar populations. Specifi-
cally, the ALM incidence rate rises steeply as a
function of both Dn4000, sSFR, and EW(Hα),
reaching over 50% for the youngest and most-
actively-star-forming regions.
4. The locations of ALM regions are strongly related
to galaxy interaction. ALM regions can be found
at all radii (including the centers) of mergers, while
they tend to be located in the outer disk in close
pairs and isolated galaxies.
5. Interesting morphologies of ALM regions are
found. Some close pairs have an azimuthally
asymmetric metallicity distribution, with lower
metallicities on the sides closer to the companions.
Also, low-metallicity outer rings are seen in the
more massive galaxies (> 10∼9.6 M).
6. We have proposed that these ALM regions trace
the sites of accretion of gas with a metallicity sig-
nificantly less than that of the pre-existing ISM.
This could be mass transfer or inflow in mergers
or strong interactions, but their existence in non-
interacting galaxies suggests that accretion of gas
from the CGM, IGM, and/or from gas-rich dwarf
satellites can also be important.
7. Several independent lines of evidence suggest that
the duration of the ALM regions is a few hun-
dred Myr. Interpreting the incidence rate of 25
percent as a duty cycle, this would correspond
one accretion event per Gyr. The implied time-
averaged accretion rate of this metal-poor gas is
∼ 1 M yr−1, similar to the SFR of late-type
galaxies over the stellar mass range ∼ 109 to 1010
M. Therefore, fed by bursty accretion events, lo-
cal galaxies on the star-forming sequence can con-
tinue their star formation without running out of
gas.
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APPENDIX
We have used a specific metallicity indicator in this paper. To show that our results are insensitive to this choice,
we present here some of our most crucial results using different metallicity indicators. In doing so, we tried to select a
diversity of metallicity calibrators: some use [O III], some use [S II]; some based on empirical methods anchored to the
direct method, while some based on photoionization model. Our main conclusions do not change using these different
metallicity calibrators.
We first summarize the metallicity calibrators we use.
24 Hwang et al.
A. SUMMARY OF METALLICITY CALIBRATORS
A.1. O3N2 (PP04)
This is a hybrid calibrator which uses the direct method for low metallicity (12 + log(O/H). 8.7) H II regions and
photoionization models for high-metallicity (12 + log(O/H)& 8.7) H II regions. The calibrator we use is Equation 3 of
Pettini & Pagel (2004),
12 + log(O/H) = 8.73− 0.32×O3N2, where O3N2 = log [OIII]λ5007/Hβ
[NII]λ6584/Hα
. (A1)
It is valid for −1 < O3N2 < 1.9. Since the wavelength of Hα is close to [N II] and Hβ is close to [O III], O3N2 calibrators
are insensitive to the dust extinction.
A.2. O3N2 (Marino+13)
It is calibrated using the direct method for the H II regions in the CALIFA survey. The calibrator is Equation 2 of
Marino et al. (2013),
12 + log(O/H) = 8.533− 0.214×O3N2, (A2)
with O3N2 defined in Eq. A1. The calibrator is valid for −1.1 < O3N2 < 1.7. Again, it is insensitive to dust extinction.
A.3. Calibrators from PG16
This is calibrated using the counterpart method anchored to the direct method. Pilyugin & Grebel (2016) provide
two types of calibrators. One uses [O II] and the other one uses [S II], which are called ‘R calibration’ and ‘S calibration’
respectively in Pilyugin & Grebel (2016). Here we follow their notations for the flux ratios:
R2 = [OII]λ3727, 9/Hβ ,
R3 = [OIII]λ4959, 5007/Hβ ,
N2 = [NII]λ6548, 84/Hβ ,
S2 = [SII]λ6717, 31/Hβ .
(A3)
The R and S calibration consist of two equations for two metallicity ranges. The upper branch (logN2 ≥ −0.6) of
the R calibration, their Equation 4, is
12 + log(O/H) = 8.589 + 0.022 log(R3/R2) + 0.399 logN2 + (−0.137 + 0.164 log(R3/R2) + 0.589 logN2)× logR2, (A4)
and the R calibration for the lower branch (logN2 < −0.6) is
12 + log(O/H) = 7.932 + 0.944 log(R3/R2) + 0.695 logN2 + (0.970− 0.291 log(R3/R2)− 0.019 logN2)× logR2. (A5)
The calibration explicitly takes the excitation parameter P = R3/(R2 +R3) into account, whose spirit is similar to the
[O III]/[O II] ratios we use to derive the metallicity from the model grid in Sec. 2.6.1. Because the dependence on the
excitation parameter at the high metallicity end is weak, the upper-branch calibration (Eq. A4) can be reduced to a
function of N2 and R2 only (see their Equation 8). The reduced form only uses [O II], [N II], and Hβ, making it similar
to O2N2-based calibrators, although it does not explicitly depend on the [O II]/[N II] flux ratio. Only 0.4% of our SF
spaxels are in the lower branch, but we still choose to use the full form (Eq. A4 and A5) to derive the metallicity.
The S calibration for the upper branch is, Equation 6 in Pilyugin & Grebel (2016),
12 + log(O/H) = 8.424 + 0.030 log(R3/S2) + 0.751 logN2 + (−0.349 + 0.182 log(R3/S2) + 0.508 logN2)× logS2, (A6)
and the S calibration for the lower branch (logN2 < −0.6) is
12 + log(O/H) = 8.072 + 0.789 log(R3/S2) + 0.726 logN2 + (1.069− 0.170 log(R3/S2) + 0.022 logN2)× logS2. (A7)
Similar to the R calibration, the reduced form for the upper branch is also available (see their Equation 9).
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A.4. R23 (Tremonti+04)
This is calibrated by using Bayesian statistics to fit several emission lines (Hα, Hβ, [O III], [O II], [N II], [S II]) to the
theoretical models. Based on this, Tremonti et al. (2004) also provide the calibration for R23 in their Equation 1:
12 + log(O/H) = 9.185− 0.313x− 0.264x2 − 0.321x3, (A8)
where x = log(R23) = log(([O II]3927,9 + [O III]4959 + [O III]5007)/Hβ). This R23 calibration is valid for the upper
branch of the double-valued R23-metallicity relation. [N II]/[O II] ratios can be used to separate the upper- and
lower-branch for R23 (Kewley & Ellison 2008). Only 0.002% of our SF spaxel sample are in the lower branch
(log([N II]/[O II]) < −1.2), so we apply Equation A8 for the entire sample without special treatment for the lower-
branch spaxels.
B. RESULTS USING DIFFERENT METALLICITY CALIBRATORS
We follow the same procedure described in Sec. 2.6.2 for each metallicity calibrator. All calibrators use the extinction-
corrected line fluxes. With the metallicity derived from each calibrator, we reproduce Fig. 3,, Fig. 4, and Fig. 5. σZ is
set to the standard deviation of the best-fit Gaussian profile in each alternative version of Fig. 5. Typically, the residual
(the black line in Fig. 5) intersects with the fitted Gaussian at around −2σZ. Some exceptions are O3N2 (PP04) and
O3N2 (Marino+13) that their intersections are ∼ −1.7σZ. Following Sec. 2.6.2, we define spaxels deviating more than
−2σZ as ALM spaxels.
Fig. B1 presents our key results using these metallicity calibrators. The overall trend is the same, in that the fraction
of ALM spaxels rises significantly with increasing sSFR and EW(Hα). At low sSFR and EW(Hα), all metallicity
calibrators give similar ALM fractions, with 5% at EW(Hα)= 20 A˚ and < 10% at sSFR< 10−10 yr−1. The rising
amplitudes differ from calibrator to calibrator. ALM fractions from two O3N2 calibrators (PP04 and Marino+13)
rise the most steeply towards the higher EW(Hα) and sSFR. The ALM fraction can even reach 90% in the highest
bin of EW(Hα). The R calibration (PG16) and the O2N2-based calibrator we use in this paper also show significant
increasing ALM fractions towards the higher end of EW(Hα) and sSFR, but not as strong as the two O3N2 calibrators.
R23 (Tremonti+04) also shows the similar trend. Interesting, calibrators involving [S II] give a weaker trend. The S
calibration has a similar amplitude to the R23 calibrator.
We emphasize that we select a variety of metallicity calibrators. The O3N2 calibrators are insensitive to extinction
correction, supporting that extinction plays a minor role in our results. Also, some use [O III] (two O3N2 and R23)
while some do not, and some are calibrated through the direct method (two O3N2 and the two from PG16) while others
are based on the photoionization models. Some explicitly take the ionization parameter (or excitation parameter) into
account, like the R and S calibration from PG16 (empirical method) and the O2N2-based calibrator we use in this
paper (photoionization model). The O2N2-based calibrator has a moderate trend, making it a good representative
to present the results throughout the paper. Therefore, our results and conclusions in this paper do not change with
different metallicity calibrators.
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Figure B1. Reproduced Fig. 10 using different metallicity calibrators. The trend remains the same, only differing in the
amplitude. The O2N2 metallicity calibrator we used throughout the paper is representative for all calibrators tested here.
